Taxa in the early stages of divergence are often viewed as useful systems for studying the process of speciation ( Danley and Kocher, 2001 ) ; however, identifying such systems can be problematic. Because neutral genetic divergence, morphological divergence, and the build-up of reproductive isolation can occur at different rates, morphological and genetic differentiation can be poor indicators of the degree of reproductive isolation between two taxa. One reason is that gene fl ow between incompletely isolated taxa can reduce or prevent neutral genetic and morphological differentiation even while reproductive isolation increases ( Noor et al., 2001a ; Noor et al., 2001b ) . Conversely, strong divergent selection on morphological characters can produce marked differentiation without the accumulation of any reproductive isolation ( Räsänen et al., 2012 ) . Identifying potential systems for studying speciation thus requires assessing reproductive isolation, while assessing the degree of neutral divergence can yield evidence on continuing gene fl ow. Documenting morphological divergence can suggest characters subject to divergent selection in the face of gene fl ow.
A potentially promising system for investigating the early stages of speciation is the pair of taxa Ipomoea lacunosa and I. cordatotriloba , along with a putative homoploid hybrid, I. × leucantha . Historically, these taxa have been diffi cult to delimit as species because of purportedly high rates of gene exchange, and extensive and overlapping geographic variation in morphology. Our objectives in this study were to examine the relationship between morphological differentiation and genetic differentiation among these taxa, to determine the extent to which the taxa are reproductively isolated from each other, and to ascertain which taxa may be experiencing genetic exchange.
Decades of research have been spent characterizing the relationships among taxa of the Ipomoea series Batatas . This species includes the economically important sweet potato ( Ipomoea batatas (L.) Lam.), in addition to 12 other recognized species and at least 1 species believed to have arisen through homoploid hybridization ( Ooststroom, 1953 ; Verdcourt, 1967 ; Austin, 1978 Austin, , 1988 Austin, , 1991 Austin and Huaman, 1996 ; Austin and Bianchini, 1998 ) . Nevertheless, the relationships among these taxa remain largely unresolved ( Nimmakayala et al., 2011 ) . Phylogenetic reconstruction based on morphology has proven to be unreliable because many of the taxa share overlapping traits ( Austin, 1988 ) . In addition, high levels of shared genetic variation among the taxa complicate molecular phylogenetic analyses, creating confl icting or uninformative species relationships ( Rajapakse et al., 2004 ) . Recent common ancestry, homoplasy, and interspecifi c hybridization are all thought to be generating overlapping character states and reducing genetic differentiation among taxa in this group, making a complete phylogenetic understanding diffi cult ( Jarret et al., 1992 ) .
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2 Author for correspondence (e-mail: tmk5@duke.edu) • Premise of the study: Identifying recently diverged taxa can be useful for studying the process of speciation. Ipomoea lacunosa and I. cordatotriloba , along with a putative homoploid hybrid, I. × leucantha , are closely related taxa, which are promising for investigating the early stages of speciation. The objectives of this investigation were to determine how distinct these purported taxa are morphologically and genetically, and to assess the magnitude of reproductive isolation among the taxa.
• Methods: We measured morphological characteristics and determined genotypes at four microsatellite loci in several populations of each of the taxa in North Carolina and South Carolina to quantify genetic and morphological differentiation. We also included a previously undescribed fourth taxon, which we term ' I. austinii '.
• Key results: Our study revealed that all four taxa had distinct but overlapping geographical ranges, and had signifi cantly distinct morphologies. Patterns of microsatellite variation and the results of crosses indicate that I. × leucantha and I. austinii are morphologically and genetically distinct taxa. Each exhibits substantial reproductive isolation from the other three taxa. By contrast, microsatellite markers indicate that I. lacunosa and I. cordatotriloba exhibit little differentiation at neutral markers, despite substantial morphological differentiation, and exhibit some reproductive isolation.
• Conclusion: I. × leucantha and I. austinii should be considered separate species. Our results provide no evidence that either species originated through homoploid hybrid speciation. I. cordatotriloba and I. lacunosa should be considered incipient species, but may be experiencing considerable reciprocal gene fl ow. [Vol. 100 1981 ; Diaz et al., 1996 ) . Based on morphological evidence, as well as its similarity to artifi cial hybrids between I. lacunosa and I. cordatotriloba , it has been hypothesized that I. × leucantha is a stable hybrid between these two taxa ( Abel and Austin, 1973 ; Abel and Austin, 1981 ) . During our investigation, we identifi ed many populations that appeared to belong to the Ipomoea series Batatas , but also appeared to be morphologically distinct from the other three taxa. Based on morphological examination, plants from these populations were identifi ed by Dr. D. Austin, as another, unstable, hybrid between I. cordatotriloba and I. lacunosa that we tentatively term ' I. austinii '. This taxon is true breeding when grown in a greenhouse. We included these plants in our analyses to further understand the patterns of differentiation among taxa in this group of closely related plants.
Plants of all four purported taxa are found predominately along roadsides, in agricultural fi elds, and in other disturbed areas. In NC and SC, the plants germinate in late May and begin to fl ower in August or early September (personal observations). Flowering ceases sometime in mid-to-late fall, and plants die at the fi rst hard frost. Bombus pennsylvanicus is the main pollinator for each of the plants in North and South Carolina (personal observations) . Plants of each purported taxon are self-compatible and are highly autogamous in the greenhouse. Voucher specimens have been deposited in the Duke University herbarium (Appendix 1).
Geographic survey and fl oral measurements -In August and September of 2010, we conducted a census of 154 populations of the purported taxa I. lacunosa , I. cordatotriloba , I. × leucantha , and I. austinii throughout North and South Carolina. Global positioning system (GPS) coordinates were recorded for each of the populations to determine the local distribution of these taxa (Appendix S1, see Supplemental Data with online version of the article). During the survey, morphological measurements of corolla shape, anther color, antherstigma position, fl ower width, fl ower length, fl ower width-length ratio, stigma length, number of fl owers in a cyme, leaf length, leaf width, and leaf widthlength ratio were performed on a subset of populations surveyed (see Appendix S2). Many of these traits were measured in a previous examination of morphological variation within and between I. cordatotriloba and I. lacunosa ( Abel and Austin, 1981 ) . In total, we surveyed 896 plants from 39 populations throughout the study range.
Analysis of morphological data -Populations were tentatively classifi ed as belonging to I. cordatotriloba , I. lacunosa , or I. × leucantha based on the key in Austin (1978) or to I. austinii based on perceived morphological differences from the descriptions of the other three taxa. To determine whether these classifi cations corresponded to morphologically distinct taxa, a cluster analysis on population means for the characters was performed using PROC CLUSTER in the SAS software package (SAS Institute, Cary, North Carolina) . Results reported are for the "Average" method, which is equivalent to the unweighted pair group method with arithmetic mean (UPGMA). Note that analyses using other clustering algorithms produced the same groupings, and are not reported. After identifying four major clusters, principal component analysis was performed on all 896 individuals. Morphological variables were standardized prior to the analysis. To determine whether the clusters differed signifi cantly in morphology, we performed a multiple analysis of variance (MANOVA), with cluster as the independent variable, using PROC GLM in SAS. In addition, we performed a discriminant analysis, using PROC DISCRIM in SAS, using "method = normal" and the cross-validation option to assess the degree to which the morphological distributions overlap among the four identifi ed taxa.
Tissue collection and DNA extraction -During the survey, leaf tissue was collected for genotyping from 5-30 individuals from each of seven I. cordatotriloba , six I. × leucantha , fi ve I. austinii , and eight I. lacunosa populations. Leaf tissue was collected from 288 individual plants at least 3-5 m apart to minimize sampling of related individuals.
DNA was extracted using a cetyltrimethyl ammonium bromide (CTAB) protocol ( Doyle and Doyle, 1981 ) . We used primers that had been developed for I. trifi dia , but were also reported to amplify microsatellite regions in I. lacunosa ( Hu et al., 2004 ) . Out of the eight microsatellites reported to amplify in I. lacunosa, we found that only four amplifi ed and contained suffi cient variability to distinguish among the study taxa (see Appendix S3). Each of the four microsatellite markers was amplifi ed with Hex or Fam fl uorescently labeled primers, using KAPA taq (Kapa Biosystems, Woburn, Massachusetts, USA), and fragment analysis was conducted on an ABI 3730 × 1 DNA Analyzer. Each 1978 ). Field surveys of natural populations of I. cordatotriloba and I. lacunosa have shown that morphological traits within each taxon exhibit wide variation ( Abel and Austin, 1981 ) . Ipomoea lacunosa extends up into the northeastern United States, while I. cordatotriloba extends down into Mexico ( Austin, 1978 ) . From these fi eld observations, as well as offspring generated by artifi cial crosses between the two taxa, it has been hypothesized that introgressive gene fl ow is occurring between I. cordatotriloba and I. lacunosa, and that I. × leucantha is a stable homoploid hybrid of these two plants ( Abel and Austin, 1981 ) . Although additional studies were conducted to characterize the macromorphological features of I. cordatotriloba , I. lacunosa , and I. × leucantha ( Stephenson et al., 2006 ; Bryson et al., 2008 ) , no genetic analysis has been conducted on natural populations to determine whether gene fl ow is restricted between any of these taxa.
Genetic methods such as restriction fragment length polymorphism (RFLP), random amplifi cation of polymorphic DNA (RAPD), and intersimple sequence repeats (ISSR) have been employed to understand the species relationships in the Ipomoea series Batatas ( Jarret et al., 1992 ; Jarret and Austin, 1994 ; Huang and Sun, 2000 ) . Unfortunately, the resolution of these markers has been insuffi cient to draw distinct conclusions about taxon relationships or gene fl ow. Microsatellite markers have been developed for taxa in the Batatas series ( Hu et al., 2004 ) . Microsatellites are repetitive motifs of DNA that were found to be extremely variable both within and between species ( Tautz et al., 1986 ) . The variability of microsatellites is generated by DNA slippage during replication and unequal crossing over during meiosis ( Levinson and Gutman, 1987 ) . When comparing the ability of RFLP, RAPD, and microsatellites to capture genetic diversity within soybeans, the microsatellites were able to capture the highest level of heterozygosity ( Powell et al., 1996 ) , which is critical to quantifying gene fl ow between closely related taxa in natural populations.
The purpose of the study described here was to evaluate the status of the named species I. cordatotriloba , I. lacunosa , and I. × leucantha using a population-level analysis. We sought to determine the extent to which these taxa represent three morphologically and genetically distinct species vs. the extremes of more-or-less continuous variation representative of a syngameon. Specifi cally, our study asked (1) whether populations in this group cluster morphologically into distinct groups; (2) to what extent such groups, if they exist, are also genetically distinct; and (3) whether reproductive incompatibilities exist between the groups that could impede gene exchange between the taxa.
To address these issues, we conducted a survey of populations that appeared, based on previous taxonomic treatments ( Austin, 1978 ) , to belong to these three taxa in North Carolina (NC) and South Carolina (SC). These three taxa are the only known members of the Ipomoea series Batatas that occur in this region ( Austin, 1978 ; Abel and Austin, 1981 ) . In addition, we include a fourth taxon discovered during our surveys (see below).
MATERIALS AND METHODS
Study organisms -Plants identifi ed in the literature as Ipomoea lacunosa and I. cordatotriloba are noxious weeds indigenous to the southeastern United States ( Jones and Deonier 1965 ) . Ipomoea cordatotriloba and I. lacunosa can cross and make viable offspring, and extensive gene fl ow is thought to be occurring between these taxa in nature ( Jones and Deonier, 1965 ; Abel and Austin, fl owers = 306). In addition, 20 fl owers on each F 1 plant were allowed to selfpollinate. Experimental plants were not emasculated during the experiment, so seed set could be a product of self or crossed pollen. Consequently, failure to produce seed indicates crossing incompatibility, whereas normal seed production is ambiguous. The average number of seeds produced per capsule was compared by ANOVA using the SAS statistical software (SAS Institute).
RESULTS
Geographic distributions -Using provisional taxon identification based on species descriptions, the survey of NC and SC revealed that the four study taxa have separate but overlapping geographical ranges. I. cordatotriloba grows primarily along the coast, while I. × leucantha and I. austinii grow slightly more inland. Ipomoea lacunosa has the widest range. Although it is found primarily inland, some populations are found near the coast. In general, the range of I. lacunosa overlaps with all of the other taxa ( Fig. 1 ) . Consistent with the hypothesis that I. × leucantha and I. austinii resulted from hybridization between I. lacunosa and I. cordatotriloba , they occupy locations that lie on the boundary between the other two taxa.
Morphological comparisons -The four taxa had some traits whose means were distinct, while the trait means of others were overlapping ( Table 1 ) . Cluster analysis based on fl oral morphology revealed three primary clusters ( Fig. 2 ) . Cluster 1 corresponded to populations we had identifi ed tentatively as I. cordatotriloba (Cluster 1 on Fig. 2 ). This cluster contained all populations tentatively classifi ed as this taxon and contained no other populations.
The second cluster contained populations tentatively classifi ed as both I. lacunosa and I. × leucantha . Moreover, populations of these two tentatively identifi ed taxa are interspersed in this cluster, suggesting that there is little morphological distinction between them in the characters measured. However, these two tentatively identifi ed taxa are completely distinguished by fl ower-color frequencies. During our census, we found that all but four populations tentatively identifi ed as I. lacunosa were fi xed for white fl owers. In the four other populations, the frequency of white-fl owered individuals was high (average 81%). By contrast, in all populations tentatively classifi ed as I. × leucantha , all individuals had purple fl owers. This distinction is consistent with the fl ower-color difference reported in the literature ( Austin, 1978 ) .
The third cluster corresponded to populations we tentatively identifi ed as I. austinii . This cluster contained all populations tentatively classifi ed as this taxon and no others. Based on this analysis, we recognize in this study four clusters that correspond to the four tentatively identifi ed taxa.
The remaining analyses in this series assess the degree to which these taxa are differentiated morphologically. To reduce the dimensionality of the data, we performed a principal components analysis on the morphological variables of all 896 individuals. The fi rst two principal components accounted for 66% of the variation, while the fi rst three accounted for 79%. We therefore restricted subsequent analysis to these three components. Plots of PCA scores indicate that I. cordatotriloba and I. austinii constitute distinct morphological clusters, each exhibiting little overlap with other taxa ( Fig. 3A, 3B ) . By contrast, I. lacunosa and I. × leucantha appear to overlap substantially with each other, though there does appear to be some separation along PCA 3 ( Fig. 3C ) . marker was visually scored using the software GENEMARKER (SoftGenetics, State College, Pennsylvania, USA).
Microsatellite data analysis -To interpret the microsatellite data, several approaches were used. To visualize the patterns of genetic variation, a principal component analysis (PCA) was performed on the microsatellite data in the program GenAlEx on the pairwise ( Peakall and Smouse 2006 ) . Additionally, to test if there was signifi cant genetic differentiation that distinguished the four taxa, we ran an analysis of molecular variance (AMOVA) and conducted pairwise comparisons of the four taxa in the program Arlequin 3.5 ( Excoffi er and Lischer, 2010 ). Using this program, we estimated pairwise F CT , which is the proportion of the total variation represented by divergence between the taxa. For each pair of taxa, 95% confi dence intervals for F CT were calculated by bootstrapping. For each bootstrap sample, sites were chosen randomly with replacement for each species, individuals were chosen randomly with replacement from each chosen site, and loci were chosen randomly with replacement. We constructed 1000 bootstrap samples, and F CT was calculated for each sample. The F CT values were ordered from lowest to highest, and the 25th and 975th values were taken as the endpoints of the confi dence interval.
We also assessed the genetic relationships between the four taxa using the program Structure 2.3.3 ( Pritchard et al., 2000 ) . We ran 20 replicates of a model assuming 1-20 populations with admixture and dependent allele frequencies, as well as a burn-in of 10 000 Markov Chain Monte Carlo (MCMC) steps followed by 50 000 iterations. To determine the optimal number of clusters ( K ), we calculated Δ K , which has been shown to be an accurate predictor of the true number of clusters ( Evanno et al., 2005 ) . For K = 2, K = 3, and K = 4, the 20 replicates of the Structure clusters were consolidated using the program CLUMPP ( Jakobsson and Rosenberg, 2007 ) , and the output was visualized using the program DISTRUCT ( Rosenberg, 2004 ) .
Genomic size of taxa -To confi rm that all four taxa have similar genome sizes, and thus are of similar ploidy, we used fl ow cytometry. We examined one individual from each taxon using a modifi ed version ( Modliszewski and Willis, 2012 ) of a previously published protocol ( Dart et al., 2004 ) . Plant tissue was analyzed on a Partec fl ow cytometer (Partec, Münster, Germany), and each sample was run with Petunia × hybrida as an internal control.
Isolation by distance -We tested for isolation by distance for each taxon by conducting a Mantel test with 9 999 permutations between a pairwise F ST matrix and a geographic-distance matrix in GenAlEx ( Peakall and Smouse, 2006 ) . The F ST matrix was created with the microsatellite data in the program Arlequin 3.5. The geographic-distance matrix was created using the GPS coordinates of the populations where the genetic data were obtained using the web program Geographic Distance Matrix ( Ersts, 2011 ) .
Crossability of taxa -To determine if there were postmating incompatibilities among the taxa, we reciprocally crossed all pairs of taxa with the exception of I. × leucantha . This taxon was not used as a pollen recipient because of damage that occurred during anther removal, which led to inconsistent results. Three individuals of each taxon collected throughout NC and SC were grown in a greenhouse at Duke University. The night before a plant fl owered, the anthers from one of its fl owers were removed. Approximately 12 h after the removal of the anthers, the emasculated fl ower was manually pollinated using pollen either from another fl ower on the same plant, from another plant of the same taxon, or from a plant of a different taxon. Removal of the anthers prevents self-pollination because they are removed before they dehisce. Each experimental cross was repeated 1-3 times depending on fl ower availability (average = 1.9 fl owers per pollen recipient; 84 crosses total). The average number of seeds generated from a cross was compared by ANOVA using the SAS statistical software (SAS Institute, Cary, North Carolina, USA).
Reproductive incompatibilities in F 1 (I. × leucantha × I. lacunosa) -In this experiment we examined reproductive incompatibilities of three individuals that were F 1 hybrids between I . lacunosa and I. × leucantha (F 1 (le × la)). As controls, three F 1 individuals were created by crossing purple-fl owered I. lacunosa with white-fl owered I. lacunosa (F 1 (control)). By using purple-fl owered F 1 individuals, we ensured that the control plants were outbred. Each of the plants was crossed as pollen recipient to each of three F 1 (le × la), three F 1 (control), fi ve white-fl owered I. lacunosa, three purple-fl owered I. lacunosa, and four I. × leucantha individuals acting as pollen donors in a greenhouse at Duke University. Three recipient fl owers were used for each of these crosses (total number of [Vol. 100 To evaluate statistically whether the taxa differ on average in morphology, we performed a MANOVA on the PCA scores. An overall MANOVA that included all four taxa revealed highly signifi cant overall differentiation among the four taxa (see Appendix S4). Populations within taxa differed signifi cantly (Wilks' Lambda = 0.1323, P < 0.0001). In addition, the taxon effect was signifi cant (Wilks' Lambda = 0.0150, P < 0.0001 using the Population within Taxa SSCP matrix as the error SSCP matrix. This overall effect was broken down into three orthogonal independent contrasts: (1) between I. lacunosa and I. × leucantha ; (2) between I. cordatotriloba and I. austinii ; and (3) between the mean of I. cordatotriloba and I. austinii and the mean of I. lacunosa and I. × leucantha . The multivariate test of the contrasts indicates each one is highly signifi cant ( P < 0.0001; see Appendix S4). Univariate analyses for individual principal components indicate that I. cordatotriloba and I. austinni differ primarily along principal components 1 and 2; I. × leucantha and I. lacunosa differ primarily along components 2 and 3; and the two groups differ from each other along components 1 and 3 ( Fig. 3A, 3B ; Appendix S4).
While the previous analysis indicates that the four taxa have signifi cantly different average morphologies, they do not indicate the extent to which the distributions of their morphologies overlap, i.e., how distinct the taxa are. To address this issue, we performed a discriminant analysis on the morphological variables of individual plants and analyzed misclassifi cation using the cross-validation statistic.
In general, there were few misclassifi cations (see Appendix S5). Only 9% of observations were misclassifi ed by the crossvalidation analysis. Individuals identifi ed as I. austinii were never misclassifi ed. Individuals identifi ed as I. cordatotriloba were misclassifi ed approximately 8% of the time, with a roughly equal likelihood they would be misclassified as one of the other taxa. Ipomoea lacunosa was misclassifi ed approximately 13.5% of the time, primarily as I. × leucantha . Finally, I. × leucantha was misclassifi ed approximately 15% of the time, primarily as I. austinii . These results indicate that while there is a small amount of overlap in the distribution of morphologies of the four taxa, they largely represent discrete clusters in morphological space.
Genetic differentiation -To assess the degree of genetic differentiation among the four taxa, we fi rst subjected the microsatellite loci to a principal components analysis. In this analysis, the fi rst two principal components accounted for 61% of the total variation. In the space defi ned by principal components 1 and 2, all pairs of the four taxa are substantially divergent except for I. cordatotriloba and I. lacunosa ( Fig. 4 ) . ( Fig. 5 ) . The Structure analysis is thus consistent with the AMOVA results. Together, they indicate little genetic differentiation between I. cordatotriloba and I. lacunosa , but substantial genetic differentiation between other pairs of taxa.
Genome size -The four taxa have approximately similar genome sizes (see Appendix S9), providing no evidence that differential ploidy or genome size might create barriers to gene fl ow among the taxa.
Isolation by distance -In the absence of reproductive isolating mechanisms, populations can diverge genetically if they are sufficiently isolated geographically. Although the ranges of the four taxa overlap, there are also extensive areas-particularly for I. cordatotriloba and I. lacunosa -in which each taxon grows by itself. Divergence in these areas could then account for the overall genetic divergence among the taxa, even if reproductive isolation is not high where their ranges overlap. We examined this possibility by estimating isolation by distance within each taxon, which would be refl ected by a positive correlation between genetic distance and geographic distance. However, the correlation coeffi cients for all four taxa are less than 0.05 and nonsignifi cant ( Table 2 ) , indicating that isolation by distance is essentially absent.
Reproductive incompatibilities between and among taxaWithin taxon, between-individual pollination produces approximately as many seeds as autogamy ( Table 3 ) . Compared to these controls, however, intertaxa pollination resulted in a 35-95% reduction in seed set. These reductions are highly statistically signifi cant in most cases and indicate the presence of strong, though To assess the statistical signifi cance of this divergence, we estimated pairwise F CT values and performed pairwise AMOVA. This analysis revealed two main patterns. First, I. lacunosa and I. cordatotriloba are genetically very similar; F CT for this pair of taxa was only 0.04 and the taxon effect in the AMOVA was nonsignifi cant (see Appendix S6). Averaged across populations, the allele with highest frequency is the same for both taxa at three out of the four microsatellite loci (see Appendix S7). Additionally, at the fourth locus, the highest frequency allele in I. cordatotriloba is the allele with the second highest frequency (0.31) in I. lacunosa , with the most common allele having only a slightly higher frequency (0.34) (Appendix S7). The second pattern is that all other pairs exhibit high F CT (average F CT = 0.61 for the fi ve other pairs of taxa; for each P < 0.01; after a Bonferonni correction for multiple comparisons at an overall rate of P < 0.05, all fi ve comparisons remain signifi cant).
A Structure analysis reveals a similar pattern. Before conducting this analysis, we fi rst evaluated how many groups should be used in the analysis, and the Δ K criterion suggested that two groups would be optimal (see Appendix S8). However, because we identifi ed four taxa based on morphological differentiation, we ran the Structure analysis for K = 2, 3, and 4 groups. An analysis that grouped the microsatellite variation into K = 2 groups indicates that I. × leucantha and I. austinii exhibit substantial genetic differentiation from I. lacunosa and I. cordatotriloba ( Fig. 5 ) . At three of the four microsatellite loci, the most common allele in I. lacunosa and I. cordatotriloba differs from that in I. austinii and I. × leucantha (Appendix S7). However, for each of these two pairs of taxa, there appears to be little genetic differentiation between taxa. With the K = 3 and K = 4 groups, there remains little genetic differentiation between I. cordatotriloba and I. lacunosa , but there is Fig. 4 . Plot of location of the four taxa on the fi rst two axes of a principal components analysis of microsatellite markers (PC1 and PC2 account for 43% and 18% of the variation, respectively). [Vol. 100 DISCUSSION Are I. cordatotriloba and I. lacunosa distinct species -The status of taxa in the Batatas series of Ipomoea has long been confusing ( Nimmakayala et al., 2011 ) . This is particularly true of I. lacunosa and I. cordatotriloba. Although attempts have been made to understand the relationships among these taxa ( Abel and Austin, 1973 ; Abel and Austin, 1981 ) , little progress has been made. Phylogenetic analyses of the relationships among these taxa and other closely related taxa have proven inconsistent. While some studies indicate I. cordatotriloba and I. lacunosa are sister taxa ( Jarret and Austin, 1994 ) , others suggest that either I. tenuissima or I. tiliaceae are more closely related to I. cordatotriloba than is I. lacunosa ( Jarret et al., 1992 ; Rajapakse et al., 2004 ) . Unfortunately, there is little resolution in these studies, partly because they use one or a small number of genes for phylogeny construction, and partly because they are based on one or two individuals of each taxon examined. Under these circumstances, if there is variation within taxa, the phylogeny obtained can be infl uenced by the particular individuals examined, and different studies are likely to yield different results. The evidence is thus ambiguous on whether I. cordatotriloba and I. lacunosa are sister taxa.
In addition, it has been suggested based on morphological characteristics, as well as the resemblance of artifi cial hybrids resulting from crosses between I. cordatotriloba and I. lacunosa , that I. × leucantha represents a homoploid hybrid species resulting from hybridization between I. lacunosa and I. cordatotriloba . It has also been suggested that these three taxa are undergoing extensive genetic exchange and may represent a syngameon with no distinct species ( Abel and Austin, 1981 ) .
Because we did not examine several other species closely related to these two taxa, our data cannot resolve the issue of whether there are other species more closely related to I. cordatotriloba or I. lacunosa than they are to each other. However, our data do indicate that despite morphological differentiation, substantial gene exchange may have occurred recently between these two taxa. Our data are consistent with any of four evolutionary scenarios:
1. Ipomoea cordatotriloba and I. lacunosa are incipient species in the process of divergence, but are still tied together by gene fl ow in areas where they are sympatric.
2. The two taxa diverged allopatrically in the past for a short time (insuffi cient for divergence at neutral loci) and have subsequently become partially sympatric without resuming gene exchange.
3. The two taxa diverged allopatrically for a short time and have subsequently become partially sympatric and have resumed gene exchange. not complete, postmating isolation among all four taxa. These barriers are weakest between I. lacunosa and I. cordatotriloba (average number of seeds per reciprocal crosses = 2.0 ± 0.5 = 50% of control) and somewhat stronger between I. lacunosa and I. austinii (average number of seeds per reciprocal crosses = 1.2 ± 0.7 = 30% of control) and between I. cordatotriloba and I. austinii (average number of seeds per reciprocal crosses =1.5 ± 0.6 seeds = 39.5% of control). Although we did not score crossability of I. × leucantha acting as pollen recipient to the other taxa, it shows the lowest crossabilities as pollen parent to the other three taxa (average number of seeds per reciprocal crosses = 0.2 -0.5 = 5-12.5% of controls).
I. × leucantha × I. lacunosa hybrid fertility -Above, we found that crossability of I. × leucantha as a pollen donor to the other taxa is extremely low. In this experiment, we assessed the ability of hybrids between I. × leucantha and I. lacunosa to produce seeds. Regardless of the sire used, the F 1 (le × la) hybrids set essentially no seeds ( Table 4 ) . By contrast, the F 1 (control) crosses averaged between 2.5 and 3.6 seeds per fl ower, and these differences were highly signifi cant ( Table 4 , see Appendix S10). It thus appears that there is almost complete hybrid female sterility in the offspring of crosses between I. lacunosa and I. × leucantha , which is a strong barrier to gene exchange between these two taxa. Because we did not test the ability of hybrid pollen to fertilize I. lacunosa , we do not know whether hybrid male sterility serves as an additional barrier.
To further assess the degree of reproductive isolation between I. × leucantha and I. lacunosa, we asked whether the two taxa remain genetically distinct even when they grow in close proximity. We chose one locality in SC where the two taxa have co-occurred for at least 3 yr and assessed their genetic distinctness using the four microsatellite markers. An AMOVA indicated that approximately 82% of the genetic variation at the site occurred between the two taxa ( Table 5 ) -a value that is actually greater than the average F CT of 0.71 between I. lacunosa and I. × leucantha . This result suggests that substantial reproductive isolation prevents genetic admixture of the two taxa when they grow together. and I. lacunosa. Genetic differentiation at neutral markers, as well as substantial reproductive isolation, suggests gene fl ow into these two taxa from the others is minimal. These characteristics indicate that each taxon should be considered a genetically distinct species and that I. austinii should therefore be recognized as a new species in the Ipomoea series Batatas complex, which needs to be formally described and classifi ed.
In addition, what has been referred to as I. × leucantha should be formally recognized as the species I. leucantha . Besides the apparent lack of gene fl ow, we have shown there is substantial reproductive incompatibility between I. × leucantha and the other three taxa (average crossability with I. × leucantha serving as sire is about 1% of intrataxon crossability), as was also reported by Diaz et al. (1996) . Similarly, we found substantially reduced crossability between I. austinii and the other taxa (average crossability as sire is approximately 42%, and as dam approximately 21%, of the crossability of intrataxon matings). Because crossability refl ects reproductive isolation at only one point in the life cycle, it constitutes a minimum estimate of total reproductive isolation, which is likely to be substantially greater than these crosses refl ect. Consequently, I. austinii and I. × leucantha likely are species in the classic sense in that they are both phenotypically and genetically differentiated and are strongly reproductively isolated from other species, and are evolving as independent units. We do not believe this conclusion necessitates demonstration of complete reproductive isolation because many plant taxa are considered good species despite incomplete reproductive isolation as manifested by hybridization and introgression ( Mallet, 2005 ) . Based on the morphological similarity of I. × leucantha to hybrids between I. cordatotriloba and I. lacunosa , it has been suggested that I. × leucantha represents a homoploid hybrid species formed from hybridization between I. lacunosa and I. cordatotriloba ( Abel and Austin, 1981 ) . Austin also suggested that I. austinii may have originated in a similar fashion (personal communication), but unfortunately, the genetic data do not allow assessment of these hypotheses. Previous genetic investigations of homoploid hybrid species demonstrated that genetically 4. The two taxa diverged allopatrically for a substantial time period (long enough for neutral loci to become differentiated) and subsequently became partially sympatric and resumed gene exchange.
Our data are consistent with all of these scenarios. Scenarios 2 and 3 may seem unlikely because substantial reproduction has evolved between the two taxa. In particular, our crossing results revealed that there is a reduction of approximately 50% in crossability between the two taxa, a value similar to the 45% crossability reported by Diaz et al. (1996) . In plants, reproductive isolation tends to accumulate gradually, and substantial isolation is normally seen only after substantial neutral genetic divergence ( Moyle et al., 2004 ; Scopece et al., 2007 ; Scopece et al., 2008 ; Nosrati et al., 2011 ; Jewell et al., 2012 ) . Our failure to detect signifi cant divergence at neutral loci between these two taxa might suggest that this has been prevented by continued gene fl ow. However, in the process of ecological speciation, reinforcement can, in theory, cause very rapid evolution of prezygotic (genic) isolation ( Servedio and Noor, 2003 ) -rapid enough that substantial isolation may accumulate with little change at microsatellite loci. We cannot rule out this possibility for I. lacunosa and I. cordatotriloba at this point. Thus, while it is possible that these two taxa are currently experiencing reciprocal gene fl ow, further experiments are necessary to determine whether this is actually occurring. Nevertheless, the lack of neutral divergence strongly suggests that both morphological divergence and the accumulation of reproductive isolation between these taxa has been driven by natural selection.
In summary, I. lacunosa and I. cordatotriloba seem to be incipient species. Although they are not completely reproductively isolated, substantial cross-incompatibility has accumulated, possibly in the face of continued gene fl ow. This pair of species is therefore a strong candidate system for investigating the early stages of speciation.
I. austinii and I. × leucantha are genetically distinct species -Ipomoea austinii and I. × leucantha are morphologically and genetically distinct from each other and from I. cordatotriloba I. lacunosa 4.0 ± 0.0 (6) 4.0 ± 0.0 (6) 2.6 ± 0.5 (5)** 1.2 ± 0.4 (6)* 0.2 ± 0.1 (7)* I. cordatotriloba 4.0 ± 0.0 (6) 1.4 ± 0.3 (7)* 4.0 ± 0.0 (4) 2.0 ± 0.5 (6)*** 0.5 ± 0.2 (5)* I. austinii 4.0 ± 0.0 (6) 1.2 ± 0.6 (5)* 1.0 ± 0.4 (6)* 3.8 ± 0.2 (5) 0.3 ± 0.2 (4)* Notes : Sire = pollen parent. Dam = female pollen recipient. n = # of crosses. *interspecifi c crosses produced fewer seeds than selfed and intraspecifi c crosses ( P < 0.05). **interspecifi c crosses produced fewer seeds than selfed ( P < 0.05) and intraspecifi c crosses ( P = 0.07). ***interspecifi c crosses produced fewer seeds than selfed ( P < 0.05) and intraspecifi c crosses ( P = 0.06). morphologically and genetically differentiated from, and show considerable reproductive isolation with, each of the other three taxa. These taxa are independently evolving units and should be recognized as good species; however, genetic evidence does not indicate that either species originated by hybrid speciation. By contrast, although I. lacunosa and I. cordatotriloba are morphologically distinct, they exhibit weaker reproductive isolation, are not differentiated at neutral loci, and may be experiencing continuing gene fl ow between them. They may constitute incipient species that have not completed the speciation process. Further experiments, especially to determine whether gene fl ow is actually occurring, are needed to determine whether these two taxa are differentiating and speciating in the presence of gene fl ow.
LITERATURE CITED they are mosaics, with some loci homozygous for alleles from one parental species, and others homozygous for alleles from the other parental species ( Gross and Rieseberg, 2005 ; Arnold et al., 2010 ) . This pattern is not exhibited by either I. × leucantha or I. austinii . In both species, the predominant allele is one that is either absent or rare in both purported parental taxa at three of the four microsatellite loci. More importantly, because the allele with the highest frequency at three of the microsatellite loci is the same in I. cordatotriloba and I. lacunosa and there is substantial shared variation between the two taxa at the fourth loci, it is impossible to ascribe either parent to any of the alleles present in the purported hybrids. Therefore, there is no genetic support for the hypothesis that either I. × leucantha or I. austinii originated as a homoploid hybrid. The data also does not preclude the possibility of hybrid origin for these taxa. If I. cordatotriloba and I. lacunosa originated by scenario 4 above, there would have been a time when they diverged at neutral loci. If I. × leucantha and I. austinii originated as homoploid hybrids during this time, after a period of allele sorting they would presumably have exhibited the classic signature of homoploid hybridization in which they retained the alleles for one parent at some loci and the allele from the other parent at other loci ( Gross and Rieseberg, 2005 ; Arnold et al., 2010 ) . However, gene fl ow and introgression, even at a low level, occurring between I. cordatotriloba and I. lacunosa after recontact, could have erased differences between these two species at neutral loci that existed at the time of hybridizations that generated I. austinii and I. × leucantha . In addition, it is possible that loci in the purported hybrids may have diverged after hybridization from the common allele present in the purported parental taxa. Both of these processes would yield the pattern seen in the purported hybrids: the presence of alleles that are not present in either purported parental species. In a situation like this, the loci most likely to be informative on possible hybrid origin will be those associated with the divergent characters that distinguish I. cordatotriloba and I. lacunosa. Such loci will presumably have diverged in sequence. This affords the opportunity to determine if, at different loci, the parental origins of alleles in the purported hybrids differ, indicating a hybrid origin. This type of analysis thus awaits characterization of the appropriate fl oral morphology genes.
Despite our inability to rule out the possibility that I. × leucantha and I. austinii are homoploid hybrids, our data at least call this possibility into question. At the very least, they suggest that any claims of homoploid origin of any species should not be based solely on morphological resemblance and should be substantiated by appropriate genetic analyses of intermediacy ( Gross and Rieseberg, 2005 ) .
General Conclusions -Our investigation has shed some light on the species status of four closely related taxa in the Ipomoea series Batatas. Two taxa, I. austinii and I. × leucantha are 
